To explore the influence of a biologically inspired second and outer coordination sphere on Rhbis(diphosphine) CO2 hydrogenation catalysts, a series of five complexes were prepared by varying substituents on the pendant amine in the P(Et)2CH2N R CH2P(Et)2 ligands (P Et N R P Et ), where R consists of methyl ester modified amino acids, including three neutral (glycine methyl ester (GlyOMe), leucine methyl ester (LeuOMe), phenylalanine methyl ester (PheOMe)), one acidic (aspartic acid dimethyl ester (AspOMe)) and one basic (histidine methyl ester (MeHisOMe)) amino acid esters. 
Abstract
To explore the influence of a biologically inspired second and outer coordination sphere on Rhbis(diphosphine) CO2 hydrogenation catalysts, a series of five complexes were prepared by varying substituents on the pendant amine in the P(Et)2CH2N R CH2P(Et)2 ligands (P Et N R P Et ), where R consists of methyl ester modified amino acids, including three neutral (glycine methyl ester (GlyOMe), leucine methyl ester (LeuOMe), phenylalanine methyl ester (PheOMe)), one acidic (aspartic acid dimethyl ester (AspOMe)) and one basic (histidine methyl ester (MeHisOMe)) amino acid esters. The turn over frequencies (TOFs) for CO2 hydrogenation for each of these complexes was compared to the non-amino acid containing [Rh(depp to formate under mild conditions in THF. Catalytic activity spanned a factor of four, with the most active species being the NMe catalyst, while the slowest were the GlyOMe and the AspOMe complexes. When compared to a similar set of catalysts with phenyl-substituted phosphorous groups, a clear contribution of the outer coordination sphere is seen for this family of CO2 hydrogenation catalysts.
Introduction
Enzymes are able to convert small molecules selectively, efficiently, and with minimal energy input. [1] [2] [3] [4] These complex biological catalysts often feature metallic centers within highly tuned coordination environments with intricate second and higher order coordination sphere architecture that facilitate this incredible performance. Research focused on molecular catalysts has strived to achieve the efficacy of enzymes, primarily by modifying the first coordination sphere, the ligands bound to the metal. The second coordination sphere, which is comprised of functional groups which can interact with the metal but aren't bound to the metal, have been instrumental in many of the more recent advancements. [5] [6] [7] In spite of these advancements, however, the majority of synthetic catalysts still fall short of enzymatic performance. [8] [9] [10] [11] The introduction of outer coordination sphere functionality to small molecule catalysts has proven advantageous in some cases, demonstrating that the bioinspired approach to molecular catalyst design is a viable path to achieve similar catalytic performance. [12] [13] [14] [15] Our previous work with hydrogen oxidation catalysts demonstrated the positive impact of including an outer coordination sphere. 11, 16 Using attributes beyond the first and second coordination sphere, we were able to achieve faster TOFs, 17, 18 lower overpotentials, 19, 20 and electrochemically reversible catalysis while maintaining fast TOFs. 16, 21, 22 Cooperativity between the first, second, and outer coordination spheres are vital, and the performance is highly sensitive to modest changes due to possible disruption between intersphere cooperativity. 16, 17, 23 In this work, we directly incorporate amino acid analogs into the outer coordination sphere of molecular catalysts for CO2 hydrogenation. The conversion of CO2 has potential importance in energy storage and higher value products, as well as controlling adverse climate effects. The use of second coordination sphere elements in CO2 reduction has been addressed by us and others. As examples, Fujita and coworkers introduced water soluble ligands allowing the transformation of CO2 to formate in aqueous solution by iridium complexes, with a protonatable group facilitating CO2 addition and reduction. 24, 25 Kubiak investigated pendant amines in the second coordination spheres using a P2N2 framework with rhodium and found the steric bulk of the pendant amine substituent hindered catalysis. 26 Nilay and co-workers introduced PNP-pincer ligands to iridium and showed that 13 C-labeled carbon dioxide will directly bind to the iridium metal center with the assistance of a hydrogen bond donor in the second coordination sphere. 27 Little effort has been focused on the outer coordination sphere of CO2 hydrogenation catalysts. We provided one such study, investigating a series of [Rh(P Ph N R P Ph )2] + complexes as a function of the pendant amine substituent. 28 These complexes were extremely sensitive to both a pendant amine in the second coordination sphere, and changes in the outer coordination sphere by altering the R group, with TOFs spanning two orders of magnitude. However the amino acid ester and dipeptide complexes were very slow (~10 hr -1 ), adding experimental difficulty in collecting the data. Given the thermodynamics of this system, our expectation was that alkyl-substituted phosphorous groups would result in faster catalysts, 29, 30 allowing us to more readily implement and evaluate the impact of the outer coordination sphere on various points in the proposed catalytic cycle ( Figure 1 ). Consequently, in this work, we evaluated the analogous [Rh(P Et N R P Et )2] + complexes to allow implementation of a more complex outer coordination sphere. We investigated the role of the pendant amine with just a methyl group, as well as a series of amino acid esters substituents on the pendant amine.
Results

Synthesis of N,N-Bis(diethyphosphino)Amino Acid Methyl Ester (PN R P) Ligands and Metal
Complexes. To determine the impact of amino acid residues in the outer-coordination sphere on 32 complexes, were also investigated to probe the mechanism for CO2 hydrogenation. Neutralized Figure 3 , bottom and Figure S1 ) and show dihydrides with the addition of H2 (Figure 3 and S2), as expected. Thermodynamic Studies. Thermodynamic parameters were determined by evaluating the addition of H2 to form the dihydride and then the addition of base to form the monohydride under lower pressures and concentrations. In all cases for the ethyl-substituted complexes in this study, exposure to 1 atm of H2 results in 100% conversion to the dihydride species, with a representative spectrum shown in Figure 3 and others shown in Figures S1 and S2, and a crystal structure for the NMe complex shown in Figure 5 with selected distances shown in Table S1 . Upon the addition of Verkade's base, the dihydride is deprotonated to monohydride, with 3 -5 equivalents resulting in complete deprotonation ( Figure 3, S1 Figure   S4 . 
Discussion
General methods for modulating catalytic activity of homogenous catalysts rely on substitution of the atoms directly coordinating a metal, and varying the electron donating and withdrawing effects of the substituents of these primary coordinating atoms. An alternative strategy is to manipulate the second and outer coordination sphere interactions of the metal, which has been shown to increase the catalytic activity by several orders of magnitude for proton reduction and hydrogen oxidation catalysts, as well as to improve the catalytic efficiency. The TOFs for CO2 hydrogenation using the seven complexes in this study span a range of four-fold. The pendant amine has a modest impact in these complexes, with an almost two-fold increase in TOF for the NMe complex compared to the depp complex. For complexes containing a pendant amine, the NMe derivative is the fastest (400 hr -1 ), while the GlyOMe and AspOMe complexes are the slowest (100 hr -1 ). While the NMe complex is the least bulky and is also the fastest, the order of TOFs is not clearly associated with steric bulk, since the GlyOMe complex, which has the smallest side chain, is also the slowest. Further, our combined electrochemical and 31 P NMR studies suggest that there is not a pure correlation between the TOF and the electron density at the metal ( Figure S4 ). In most of the analyses of TOF vs. another observable, there is often a qualitative correlation with the exception of a couple of points. Unfortunately, the data points that don't correlate are different for each observable. For instance, NMe and AspOMe complexes stand out from the trend for electron density at the metal, while the chemical shift of the 31 P resonance is clearly out of line for the depp complex. Overall, the modest change as a function of outer coordination sphere functional group suggests a minimal impact of the outer coordination sphere when considering this data in isolation.
Influence of the phosphorous substituent. To more fully assess the impact of the outer coordination sphere on this series of complexes, we consider a similar family of complexes that was studied, with phenyl substituents on the phosphorous atom rather than ethyl groups. 28 In that series of complexes, the differences in TOF as a function of side chain were stark; some of TOFs are reproduced in Table 2 . ) was generally faster than that of the phenyl-substituted complexes (12-920 hr -1 ), with the exception of the phenyl-substituted NMe complex which is at least a factor of two faster than all other complexes (Table 2) . 28 The lower hydricity and higher pKa of the Rh-dihydride in the ethyl-substituted complexes (Table 3 ) may result in a difference in the rate limiting step. This possibility was investigated by looking at each step under stoichiometric conditions. In all cases for the ethyl-substituted complexes in this study, exposure to 1 atm of H2 results in 100% conversion to the dihydride species ( Figure S1 and S2), while addition of base gave a distribution of dihydride and monohydride. In contrast, the phenyl-substituted complexes added H2 very poorly. ∆GH2 values ranged from 0.41 to 1.44 kcal/mol for phenyl-substituted complexes containing a pendant amine, representing < 10% conversion upon exposure to 1 atm of H2. 28 However, upon addition of 3-5 eq of Verkade's base, complete conversion to the monohydride was observed. Based on this data, we determined that the pKa values for the ethyl-substituted complexes are slightly higher than that observed for the phenyl-substituted complexes (Table 3) , while the hydricities are lower. Both of these observations suggest that it should be harder to deprotonate the dihydride of the ethylsubstituted complexes. Note that no monohydride was observed in the absence of added base in either complex, consistent with our expectation that the pKa of the pendant amine is too acidic to deprotonate the dihydride species on its own.
The phenyl-substituted complexes were proposed to proceed through the catalytic cycle shown in Figure 1 with the rate limiting step being the CO2 to HCO2 -conversion. Based on the thermodynamic parameters determined for the observations of the ethyl-substituted complexes (Table 3) , it is possible that the rate limiting step switches from the CO2 conversion to formate in the phenyl-substituted complexes (Step 3 in Figure 1 ) to deprotonation of the dihydride in the ethyl-substituted complexes (Step 2 in Figure 1 ). The collective data from the studies of the phenylsubstituted complexes and the ethyl-substituted complexes imply that the role of the pendant amine and the outer coordination sphere in the phenyl-substituted complexes was facilitating the addition of CO2/conversion to formate (Step 3), rather than influencing deprotonation.
Comparison of phenyl-substituted and ethyl-substituted analogs. Comparison of analogous ethyl-
and phenyl substituted complexes supports a role of the outer coordination sphere. In the two sets of complexes, we have three analogous complexes, with the only difference being the substituent on the phosphorous atoms. These are the depp/dppp complexes, the NMe complexes, and the GlyOMe complexes. While we do expect an effect from the primary coordination sphere, if the only effect were the primary coordination sphere, 29, 30 we would expect a similar influence regardless of the second and outer coordination spheres; however, we see differing effects due to the second and outer coordination spheres (Figure 6 ), pointing to a clear role. Specifically, in the NMe set of complexes, the TOF of the phenyl-substituted complex is two-times faster than the ethyl-substituted, while for the GlyOMe complexes, the phenyl-substituted complex is ten-times slower than the ethyl-substituted complex. For the depp/dppp complexes, the TOFs are the same, within error. We would anticipate that the phenyl-substituted would always be slower if the primary coordination sphere was the dominant factor; 29,30 instead we observe that they are sometimes slower and sometimes faster, by significantly different amounts, and only with the presence of the pendant amine. These observations suggest that the phosphorous substituents are not responsible for the observed effect, and consequently implicate the outer coordination sphere in contributing to the catalytic TOF. Computational and experimental studies are ongoing to understand the individual or multiple contributions of the outer coordination sphere.
Conclusion
This series of Rh complexes for CO2 hydrogenation shows a clear impact of the outer coordination sphere, particularly when compared to the analogous phenyl-substituted complexes. The TOFs of the ethyl-substituted complexes, the complexes that are the focus of this study, span a modest range of a factor of four as a function of amino acid modification. However, when compared to their complementary phenyl-substituted complexes, the TOFs are either 10x slower, 2x faster, or exactly the same, behavior that would not be observed if the primary coordination sphere was the only contribution to the mechanism. The mechanism or mechanisms that are driving this behavior are still under investigation, but this data points to this system being a rich system for investigation of the effects of the outer coordination sphere.
Methods
General Procedures.
Figure 7.
Observed TOF values of analogous ethyl-substituted (this work) and phenyl-substituted complexes. The different relative rates for complexes substituted differently on the bridge atom (C or N) suggest effects beyond the primary coordination sphere.
All experiments were conducted under a nitrogen atmosphere inside a Vacuum Atmospheres glovebox or on a Schlenk line unless otherwise noted. All chemicals purchased were of the highest purity commercially available and used as received unless otherwise noted. A NaK alloy was used to dry THF-d8, which was then distilled under vacuum. Acetonitrile, diethyl ether, dichloromethane, ethanol, and tetrahydrofuran were purified by passage through activated alumina columns in an Innovative Technology, Inc. PS-MD-6 solvent purification system. UHP (ultra high purity) CO2, H2, and gas mixtures were purchased from Oxarc. Polyetheretherketone (PEEK) cells were employed for use with high pressure catalysis using operando NMR spectroscopy, designed and constructed at the Pacific Northwest National Laboratory. 42 All NMR spectroscopy data was collected on a Varian NMRS or Inova operating at 500 MHz 1 H frequency. Chemical shift values for 31 P{ 1 H} NMR spectra were referenced to an external 85% H3PO4 standard at 0 ppm. Elemental analysis was performed at by the CENTC Elemental Analysis Facility at the University of Rochester. For the crystal structure characterization, a suitable crystal was selected, mounted on a MiTeGen MicroMounts pin using Paratone-N oil, and cooled to the data collection temperature (140(2)) K. Data was collected on a Bruker-AXS II CCD diffractometer with 0.71073 Å Mo Kα radiation. Cell parameters were retrieved using Bruker APEX II software, 43 raw data were integrated using SAINTPlus, 44 and absorption correction was applied using SADABS. 45 The structure was solved using direct methods and refined by a least-squares method on F 2 using SHELXS-97 and SHELXL-97, 46 respectively, as well as SHELXL-2018/3 to
improve the structure refinement, 47 using the OLEX2 software package as a front end. 48 
Synthetic Procedures.
General procedure for the neutralization for amino acid methyl esters. Neutralization was conducted in a manner similar to previously described methods. 33 Methyl ester-protected amino General procedure for the synthesis of PN R P ligand. The syntheses of all PN R P ligands used in this study were performed in a manner similar to previously described methods 3 . Briefly, diethylphosphinomethanol (0.24 g, 2 mmol) was prepared using a modified preparation from that previously reported, 32 specifically, diethylphosphine (5.0 g, 55.5 mmol) and paraformaldehyde General procedure for catalysis. In a dry, nitrogen glovebox, 300 µL d8-THF was used to prepare 
